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1. Introduction
The importance of fuel atomisation is well recognized and 
has been extensively studied experimentally and theoretically 
[1–11]. It is generally accepted that a key factor in simulating 
engine combustion processes is the accurate modelling of the 
interaction between injector nozzle, fuel sprays and in-cylinder 
flows. The complexity of the processes involved in the injection 
of diesel fuels is such that many facets involved are still not 
well understood. Obtaining direct information on the injector’s 
internal fuel flow is particularly challenging due to the small 
scale of the mechanical design and high flow velocities and 
pressures. Researchers often resort to applying non-intrusive 
optical diagnostic techniques onto specially modified [12] or 
enlarged nozzles, in order to study internal flows and cavitation 
processes [13, 14]. This method is experimentally challenging 
and only provides qualitative data, thus hindering the validation 
of numerical models. Due to the materials and manufacturing 
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techniques used to produce transparent nozzles, their orifices 
necessarily have a different surface roughness and different 
inlet geometries compared to production nozzles, both of which 
are known to affect internal flow turbulence and cavitation.
The transient nature of the cavitation phenomenon has 
been emphasized in experimental studies of cavitating flows 
in cylindrical orifices [15–18] and Venturi nozzle [19, 20], 
and linked to the process of growth and collapse of vapour 
bubbles. The intrinsic instability of partially cavitating flows 
originates from the instability of re-entrant jet motion in the 
flow separation region [21, 22]. Due to this transient and peri-
odic nature, cavitating flows generate noise and vibration.
There is also some experimental and numerical evidence 
that high frequency pressure fluctuations exist inside modern 
diesel injectors, and that they influence the shape and stability 
of the sprays [23–25]. These fluctuations are usually recorded 
using pressure sensors fitted to the common-rail or close to 
the injector. Although these measurements provide insightful 
information, acoustic attenuation may conceal the link 
between upstream pressure fluctuations and nozzle cavitation.
The authors previously reported on the observation of high 
frequency oscillations in needle lift traces, and near-nozzle 
diesel jet [26]. Oscillations of the injector needle in the axial 
direction were observed between 6 and 7 kHz, and were found 
to correlate with the transversal oscillations of the liquid fuel 
jets. These oscillations were suggested to contribute to the 
formation of fuel droplet clusters that were seen detaching 
from the spray. The droplet grouping patterns were predicted 
by CFD and shown to be in agreement with high-speed visu-
alisations [27]. In order to further investigate the nature and 
source of diesel nozzle vibrations, an experiment was devised 
to measure the vibration of the injector tip throughout the 
injection event, for a range of injection pressures and nozzle 
geometries. The authors believe that such non-intrusive, quan-
titative, and time-resolved measurements of high-frequency 
diesel nozzle vibrations are novel, and could lead to new 
insight into the internal dynamics of the injector’s mechanical 
components and fuel flow inside unmodified nozzles.
2. Experimental setups and data acquisition
2.1. Fuel injection equipment
Injections were performed in a static enclosure at atmospheric 
conditions to minimise the complexity of the experiment and 
to provide a large optical access. The fuel injection equipment 
(FIE) consisted of a second generation Bosch common-rail 
system capable of achieving injection pressures of 160 MPa. 
It comprised a low pressure pre-supply pump, a fuel filter, 
a high-pressure pump connected to the common rail, and 
an injector with interchangeable nozzles. The high-pressure 
pump was a three-plunger radial-piston pump, operated at a 
constant speed of 2820 rpm. The common rail was fitted with 
a pressure sensor and regulated by a pressure regulator valve. 
The high-pressure fuel line was instrumented with a Kistler 
4067 piezoresistive high-pressure transducer. A current clamp 
was used to record the instantaneous current drawn by the 
injector. The high-pressure pump and injector were controlled 
by a purpose-built controller and software that allowed inde-
pendent control of the injection pressure and timing. The con-
troller allowed triggering the injection event and acquisition 
chain independently.
The fuel was a low sulphur reference fuel representative 
of automotive diesel with a density of 830 kg m−3 and sulphur 
content of 0.02% by mass. The fuel injector studied with the 
vibrometer was a production Bosch CRI 2.2 servo-actuated 
solenoid common rail injector (figure 1). This type of injector 
is non-ballistic, hence the injector’s needle plunger may reach 
hydraulic stop if the injection duration is sufficiently long, as 
can be the case for medium and high engine load [28]. The 
injector nozzles were interchangeable and therefore allowed 
testing of different nozzle types and nozzle orifice diameters. 
The same injector body, including the needle plunger, was 
used for all vibrometer measurements and only the nozzle 
tip and needle were exchanged. This approach ensured that 
spectral measurements could not be affected by mechanical 
or hydraulic differences between different injectors. A second 
identical injector was specially instrumented with a Hall 
effect needle plunger lift sensor to obtain time-resolved posi-
tion of the needle during the injection. Needle lift traces were 
recorded for all nozzle types and for a range of injection pres-
sures. A typical needle lift trace is shown in figure 2. In order 
to allow a comparative investigation of the effect of nozzle 
type and orifice diameter, the nozzle library included eight 
single-orifice nozzles with valve-closed-orifice (VCO), mini-
sac and micro-sac geometries (figure 3). The nozzles were 
custom-manufactured by Bosch with the cylindrical holes 
spark-eroded and then 10% honed, similarly to standard pro-
duction nozzles. The orifice was angled at 65° relative to the 
injector axis. The nozzle diameters and hole length to diameter 
Figure 1. Cross-section of a second generation Bosch common rail injector (Picture: Bosch).
112 mm fuel line
Hall effect needle
plunger lift sensor
Interchangeable
nozzle
Inlet edge
filter
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ratios are listed in table 1. All eight nozzles were tested at six 
injection pressures ranging from 60 to 160 MPa in 20 MPa 
increments, giving a total of 48 individual test conditions.
2.2. Laser Doppler vibrometer
The experimental set-up for the time-resolved 3D laser Doppler 
vibrometry is shown in figure 4. The laser Doppler vibrometer 
[29] was a Polytec PSV-400-3D Scanning Vibrometer, com-
posed of three separate scanning vibrometer sensor heads. 
The three heads each contained a helium-neon (He-Ne) laser 
that was focused on the same location, over a sample area in 
the region of 1 mm2. Each head functioned as an independent 
laser interferometer that derived the instantaneous velocity of 
the nozzle tip by measuring the Doppler frequency shift of the 
back-scattered He-Ne laser beam. The vibration components 
could then be calculated in 3D from the angles of incidence 
of the lasers. A spatial calibration was required to establish 
the physical positions of the three LDV heads with respect to 
the injector nozzle. The relatively small size of the nozzle tip 
(7 mm diameter) meant that the surface area was not sufficient 
to perform the spatial calibration with satisfactory accuracy. 
Hence the 3D spatial calibration was performed on a purpose-
built aluminium target plate that could be slipped around the 
injector nozzle for calibration. The target plate presented a 2D 
surface of 48 × 30 mm that was designed to be flush with the 
tip of the injector. Calibration in the third dimension was facili-
tated by a 20 mm disk surface recessed by 2.5 mm relative to 
the front plane. Once spatially calibrated, the geometry data of 
the injector nozzle tip was measured in 3D using the manufac-
turer’s geometry scan unit (PSV-A-420). The calibration of the 
spatial coordinate system of the LDV was conducted using the 
manufacturer’s software package, and repeated prior to each 
test session. The validity of the calibration and geometry data 
was inspected by scanning the nozzle tip surface and checking 
for signs of misalignment between the three laser beams.
In order to find the optimum spatial location on the nozzle 
tip for the LDV measurements, nine individual positions were 
probed and measurements were repeated 30 times to obtain 
statistically representative spectra. The spectra obtained for 
the nine spatial locations had similar peak frequencies, but the 
signal-to-noise ratio was the highest on the tip of the injec-
tor’s nozzle. This indicates that the nozzle vibrated homoge-
neously and that the collection efficiency of the LDV was the 
highest when probing the nozzle’s flat tip, which offered a 
more favourable scattering angle.
Experiments were then conducted in sessions of 3 to 4 h, 
and a spatial calibration of the LDV system was performed 
before every session. For each nozzle geometry listed in 
table  1, LDV measurements were performed at the nozzle 
tip, and repeated 5 times for each injection pressure ranging 
from 60 to 160 MPa in 20 MPa increments. The vibrometer 
was also set to record the instantaneous fuel line pressure and 
current drawn by the injector. Unless otherwise mentioned, 
all spectrograms shown were computed using the average of 
5 consecutive measurements. Since the hydraulic state of the 
injector was uncertain when starting the FIE, the very first 
injection of fuel was never recorded. The injection duration 
was kept constant at 8 ms for all test points. This extended 
injection duration was used intentionally to facilitate the anal-
ysis of the steady state part of the injection separately from the 
transient phases linked with the needle opening and closure. 
Typical injection durations for this injector model can last up 
to 2 ms at medium and high engine load condition [28].
The data acquisition was performed using the manufac-
turer’s software package, but to allow full control over the 
data analysis the raw measurements were exported from the 
LDV and processed using bespoke MATLAB scripts. The 
data acquisition system used in this study was able to record 
1024 velocity and pressure samples over a time period of 
10 ms. This represents a sampling time of 9.766 µs, or sam-
pling frequency of 102 400 Hz, which meant that the highest 
Table 1. Orifice length to diameter ratios for the injector’s single-
hole nozzles.
Orifice diameters 100 µm 160 µm 200 µm
VCO nozzles 10 - 5
Mini-sac nozzles 9 5.625 4.5
Micro-sac nozzles 10 6.25 5
Figure 2. Injector needle plunger lift signal for a VCO 200 µm 
single-hole nozzle, with an injection pressure of 160 MPa.
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Figure 3. Schematics of valve-closed-orifice (VCO), mini-sac and 
micro-sac nozzle geometries. The holes of a VCO nozzle are closed 
by the needle, whereas the holes of a sac-type nozzle lead to a 
single sac which is itself closed by the needle. The micro-sac nozzle 
has a reduced sac volume compared to the mini-sac design.
VCO Mini-sac Micro-sac
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frequency that could be resolved by discrete Fourier trans-
form was 51.2 kHz, with a resolution of 100 Hz. In order to 
observe the evolution of the vibration spectrum throughout the 
injection event, spectrograms were produced using a sliding 
discrete short-time Fourier transform. The sliding FFT was 
applied on blocks of 64 data points with an overlap of 63 sam-
ples and a Hanning window, giving an effective resolution of 
800 Hz for the spectrograms. The continuous spectrograms 
permit the differentiation of the frequencies that are specific 
to the needle opening and closing phases, from those that are 
observed throughout the injection event. The five individual 
spectrograms were then averaged, and the final step in the data 
processing was to eliminate low intensity noise by a applying 
a lower threshold to the averaged spectrograms’ intensity. We 
found that the nozzle vibration frequencies in the X, Y and Z 
directions were sufficiently similar that the analysis could be 
performed in the Z direction only (i.e. along the injector axis). 
Hence all spectra are reported along that direction, and were 
computed based on the combination of the measurements 
by the three individual LDV heads sensors to produce the Z 
component. A conclusion from this work is that our approach 
could be simplified to a 1D LDV system in order to reduce the 
experimental setup’s complexity, or in facilities which have 
limited optical access.
2.3. Vibration interferences and measurement uncertainties
Although care was taken to minimise potential sources of 
interference, a number of cyclic and random phenomena could 
still degrade or interfere with the measurement of the spec-
tral density of the nozzle tip. Since the frequency and ampli-
tude of the nozzle vibration were obtained by measuring the 
Doppler shift of three laser beams focused on the nozzle tip, 
any spurious back scattering or beam steering could deterio-
rate the measurements. The presence of atomised fuel inside 
the static enclosure was indeed found to significantly interfere 
with the LDV measurements. This was established to be due 
to random light scattering by diesel droplets, and refraction of 
the laser beams by fuel deposited on the front window of the 
static enclosure. This issue was eliminated by capturing the 
spray with a 20 mm cylindrical pipe positioned downstream of 
the nozzle, and regularly cleaning the static enclosure’s front 
window. We found that the noise generated by a disruption 
of the optical path was random rather than quasi-cyclic. The 
result is that the computed spectrograms contain broadband 
noise with no discernible structure, and thus they can easily 
be identified and rejected. An advantageous consequence of 
the LDV technique’s high sensitivity to changes in refractive 
index is that it provides a strong and unambiguous indicator of 
an acquisition’s contamination.
The common-rail system included several rotating and 
vibrating components that were expected to contribute to the 
power spectrum recorded by the LDV. A characterisation of 
these components was required so that the injector’s con-
tribution to the spectral density could be obtained. The first 
rotating component in the injection system was the low pres-
sure pre-supply pump which drew fuel from the tank. The 
high-pressure pump’s electric motor and three-plunger design 
introduced contributions in the spectral density at 47 Hz and 
141 Hz, respectively. It is worth mentioning that some Bosch 
high-pressure pump models (e.g. CP1H and CP3) use an inlet 
metering valve (IMV), which regulates the quantity of com-
pressed fuel according to the system demand [28]. The IMV 
reduces the demand on the pump and reduces the fuel tem-
perature. The IMV is controlled using a 10 kHz signal, which 
could potentially introduce high-frequency pressure waves in 
the system and interfere with the spectral analysis. In our case, 
the high-pressure pump was an earlier model variant (CP1) 
which did not include an IMV. The regulation of the fuel pres-
sure was done using a pressure regulator valve, mounted on 
the common-rail, which required a 1 kHz control signal.
In order to reduce the transmission of vibration from the 
pre-supply and high-pressure pumps, the injection system and 
static enclosure were mounted on separate tables with damped 
legs. The only rigid connection between these two tables was 
the high-pressure fuel line that linked the common-rail to 
the injector. The vibrations transmitted from the fuel pumps 
and ancillary equipment to the injector were characterised by 
recording baseline measurements. These were conducted by 
recording the vibration spectrum of the injector nozzle with 
the test bed in normal operation, but with no injection trigger 
pulse. This was repeated five times for every injection pres-
sure, and the measurements averaged to produce baseline 
spectrograms.
The vibrometer could resolve frequencies up to 80 kHz and 
velocities between 0.01 µm s−1 and 1 m s−1. The measurement 
Figure 4. Schematic of the experimental configuration for the time-resolved 3D laser Doppler vibrometry on the atmospheric chamber.
Pressure regulator
High-pressure
piezo transducer
Current clamp
Injector
Atmospheric chamber
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uncertainty is a function of the vibrometer’s velocity decoder 
card, its measurement range, and the measured frequency. In 
our experiments the digital velocity decoder was a Polytech 
VD-03 with a measurement range of 100 mm s−1 V−1. Based 
on the instrument’s specifications, the attainable resolution 
was better than 3 × 10−6 m s−1Hz0.5, and typically of the order 
of 0.5 × 10−6 m s−1 Hz0.5.
As mentioned previously low intensity noise was elimi-
nated by a applying a lower threshold to the averaged spec-
trograms’ intensity. The value of this lower threshold was 
arbitrarily set to 0.01 m s−1Hz0.5.
2.4. High-speed video of the near-nozzle liquid jets
High-speed videos of the near-nozzle region were recorded for 
a range of conditions to measure the frequency of the liquid 
fuel sprays’ transversal oscillations. The high-speed camera 
used for this series of experiments was a Kodak Ektapro HS 
Motion Analyzer (model 4540). The sprays were side-lit 
using a halogen flood light fitted with a diffuser (figure  5). 
The best compromise between acquisition rate and image 
resolution was obtained with a frame rate of 27 000 images 
per second, with a resolution of 0.412 mm per pixel. The ini-
tial 20 mm of the liquid jet were recorded for the VCO nozzle 
with a 200 µm orifice, with injection pressures of 60, 100 and 
160 MPa. Amplitude spectra were produced from the videos 
by extracting the temporal evolution of the mean intensity of 
3 × 3 pixel regions, and computing a fast Fourier transform. 
For each injection pressure, spectra were generated for five 
different locations at the periphery of the liquid jet.
3. Results and discussion
The spectrograms presented in figure 6 are averages of five 
individual measurements, taken for injection pressures of 60, 
100, 120 and 160 MPa. In order to examine the nature and ori-
gins of the different acoustic phenomena, three different spec-
trograms are shown for each pressure condition: the nozzle 
tip without injection, the nozzle tip during injection, the pres-
sure transducer during injection. LDV spectrograms for the 
nozzle tip without injection are presented in the left column of 
figure 6 to characterise the background parasitic noise gener-
ated by the ancillaries. They were recorded with the test bed 
in normal operation, but with the injection trigger disabled to 
prevent the injection of fuel. These spectrograms show that 
no significant vibration was generated by the test bed, with 
mild parasitic noise only below 3 kHz. LDV spectrograms 
for the nozzle tip vibration during injection are presented in 
the central column of figure  6. Spectrograms for the signal 
measured by the high-pressure transducer directly upstream 
of the injector are presented in the right column of figure 6. 
Since the mechanical operation of the injector is known to 
lead to fuel pressure fluctuations [24], computing the pres-
sure transducer spectrograms can give an indication of the fre-
quencies induced by the mechanical operation of the injector. 
Additionally, using the pressure sensor simultaneously to the 
LDV also allows triangulating the origin of some of the fre-
quencies in the spectrograms, thus permitting an estimate of 
the source of vibration within the system.
3.1. Nozzle opening and closing
The nozzle tip spectrograms in figure 6 indicate that signifi-
cant levels of low and high frequency vibrations occur during 
the first 0.5 ms of the injection period, for all injection pres-
sures. Possible causes of vibration that may occur in diesel 
injectors during this transient phase include: the opening of 
the control volume by the solenoid valve, quasi-cyclic vortex 
shedding in the nozzle sac [30], fluid hammer induced by the 
prompt opening of the orifice [31] and quasi-cyclic cavitation 
in the nozzle orifices [32]. Firstly, the quasi-cyclic shedding 
of vortices is not expected to contribute significantly to the 
vibration spectra in figure 6 due to the sac-less nozzle design 
and the reduced flow recirculation expected in a single hole 
nozzle. Fluid hammer may occur at the beginning of the injec-
tion process if the nozzle is opened sufficiently rapidly [33]. 
Following the initial pressure drop due to the opening of the 
nozzle, a pressure rise may then occur due to fluid hammer 
waves reflected by the edge filter located at the injector’s inlet 
fitting (figure 1). The following criterion can be used to eval-
uate the shortest opening time that will cause fluid hammer to 
occur at the outlet of a duct, based on its length (L) and the 
speed of sound (c) [33]:
 =t L
c
2
(1)
The full length of the injector’s internal duct could not be 
measured directly, but was estimated as 177 mm based on 
external measurements and internal schematics. The values 
for the speed of sound were calculated using correlations in 
[34], for a diesel fuel with similar properties to ours, to obtain 
the nozzle opening time criteria (t) and fluid hammer frequen-
cies =f t( 1 / ) for the pressure range in our experiment:
= = =−c t f60 MPa      1450 m s  0.24 ms    4.2 kHz1
= = =−c t f160 MPa  1720 m s  0.21 ms 4.8 kHz1
These times are smaller than the time required for the needle 
to reach full lift, suggesting that fluid hammer may not take 
place during nozzle opening. However, we cannot fully reject 
this eventuality as the complex geometry of the injector’s fuel 
Figure 5. Schematic of the atmospheric chamber and high-speed 
video camera.
Injector
Light source
Light source
High-speed CCD 
video camera
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lines means that its spectral response will deviate from that of 
a perfectly cylindrical duct. We also note that the calculated 
fluid hammer frequencies correlate well with a peak consist-
ently found in the bottom left corner of all nozzle tip spectro-
grams (time < 0.5 ms, frequency < 5 kHz).
The opening of the control volume by the solenoid valve is 
likely to generate mechanical and hydraulic vibrations before 
the start of injection. This explains why oscillations can be 
observed for early timings in figure 6. Since the control volume 
is located closer to the fuel pressure sensor than to the nozzle 
tip, we can expect the vibrations generated by its opening to 
be visible in the pressure transducer spectrograms. Since these 
show no significant peaks above 20 kHz, we can conclude that 
the opening of the control volume generates vibrations below 
Figure 6. Averaged spectrograms for a VCO 200 µm single-hole nozzle, recorded by LDV without injection (left), by LDV during injection 
(centre) and by the pressure transducer upstream of the injector, during injection (right). Raw signals in the time domain are presented 
at the bottom of the table for 160 MPa. Intensity scales are in dB ref m s−1 Hz−0.5 for the LDV spectrograms, and dB ref Pa Hz−0.5 for the 
pressure transducer spectrograms.
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this value. There is only one peak that appears simultaneously 
on the LDV and pressure transducer spectrograms during 
the first 0.5 ms, with a frequency of 15 kHz, suggesting that 
this frequency might be associated with the solenoid valve 
opening the control volume.
The first 0.5 ms of the injection period time is also dom-
inated by the transient processes that take place during the 
needle opening, which lead to increased levels of turbulence 
[35] and cavitation in the nozzle [36]. Since these vibrations 
will take place close to the LDV sampling point, we can expect 
them to be visible in the nozzle tip spectrograms. Considering 
that acoustic attenuation is an exponential function of both the 
path length and the square of the frequency, high frequency 
hydraulic vibrations originating inside the nozzle are unlikely 
to be measured by the pressure transducer located upstream 
of the injector. Hence by comparing the LDV and pressure 
spectrograms in figure 6 we can conclude that vibrations with 
frequencies higher than 25 kHz are related to quasi-cyclic 
turbulence phenomena taking place inside the nozzle, which 
may include cavitation. This point will be further elaborated 
in the next section. From the previous discussions, vibrations 
that occur during nozzle opening with frequencies lower than 
25 kHz are related to the opening of the control volume by the 
solenoid valve (15 kHz) and possibly fluid hammer induced 
by the rapid opening of the orifices (3–5 kHz). It is possible 
that cavitation and turbulence also generate frequencies lower 
than 25 kHz, although there was no indication that this was the 
case in our experiment.
The augmented level of vibration was particularly notice-
able during the closing phase (between 8 and 8.5 ms in 
figure 6). We obtained evidence that these vibrations occurred 
at the nozzle by triangulating the recordings from the LDV 
and the fuel pressure sensor. In the case of 60 MPa injection 
pressure (top row in figure 6), broadband vibrations were first 
recorded by the LDV at 0.04 ms for the nozzle opening, and 
at 8.12 ms for the nozzle closing event. The same broadband 
vibrations reached the pressure sensor at 0.25 ms and 8.35 ms, 
respectively. These timings confirm that the origin of the 
vibrations is closer to the LDV than the pressure sensor, and 
therefore that they must originate nearer the tip of the injector 
than its fuel inlet. Knowing the speed of sound of diesel fuel 
at 60 MPa (1450 m s−1) and the distance between the LDV 
and pressure sensor, one can use the time at which the two 
instruments register the same vibration events to estimate the 
location at which the vibration initiated. The time difference 
between these two instruments measuring the same events 
indicated that the source of vibration was within the nozzle 
tip. This is consistent with findings that with low needle lifts 
the turbulent kinetic energy is increased [35, 37] and cavi-
tation structures are more unstable [35]. Salvador et al [37]. 
suggested that the flow area contraction during needle descent 
causes an acceleration of the fuel, thus generating a strong 
pressure drop and phase change. An alternative explana-
tion by Lee and Reitz [38] is that fuel pressure drops during 
the nozzle closing phase, as the fuel flow to the nozzle ori-
fices becomes restricted by the needle but the exit mass flow 
decreased relatively slowly due to inertia, leading to increased 
cavitation inside the orifices. Significant levels of low and 
high frequency vibrations occurred at the time of nozzle clo-
sure, between 8.5 and 9 ms, for all injection pressures. These 
can be attributed to fluid hammer, which is known to be gener-
ated during injector closure due to the sudden change in fuel 
flow velocity [39, 40].
3.2. Steady-state injection phase
For the purpose of this discussion, the steady-state injection 
phase refers to times between 0.5 and 8 ms after start of injec-
tion trigger, when the rate of injection is approximately con-
stant with time. We observe that LDV spectrogram in figure 6 
for 160 MPa fuel pressure shows intense vibrations between 
0.7 and 1.0 ms. This timing coincides with the needle reaching 
its maximum lift (figure 2), suggesting that these vibrations 
may be linked to the needle plunger hitting its mechanical 
stop. In the case of servo-actuated injectors, such as the one 
used in this study, the displacement of the needle is deter-
mined by the pressure difference between the fuel around the 
needle and the fuel in the servo valve control volume. For non-
ballistic injectors and if the injection duration is sufficiently 
long, as is the case for medium and high engine load, the 
injector’s needle plunger reaches its full lift and dwells on the 
film of fuel that flows through the valve control volume [28]. 
The rapid lifting of the needle results in high kinetic energy 
which must be dissipated through mechanical deformation of 
the plunger and needle, or transferred to the fuel. Hence for 
high injection pressures the plunger cannot settle instanta-
neously at hydraulic stop but rebound from mechanical stop, 
thus generating intense pressure waves [41]. The vibrations 
generated by this impact appear between 0.7 and 1.0 ms in 
some of the LDV spectrograms.
The nozzle tip LDV spectrograms in the central column 
of figure 6 all indicate an intense oscillation with a frequency 
of approximately 7 kHz, which is initiated between 0.7 and 
1.0 ms and extends into the steady part of the injection. For 
the lowest injection pressure this vibration is damped and 
disappears before 5 ms. The dominant frequency in the pres-
sure spectrograms is also 7 kHz, in agreement with the LDV 
measurements. For the highest injection pressure this fre-
quency remains until the end of injection and, notably, shows 
no sign of damping, neither in the LDV nor the pressure-based 
spectrograms. Similarly, a spectral analysis of needle plunger 
lift measurements showed that the main frequency at which 
the injector needle oscillates in the axial direction is close to 
7 kHz. The exact value of this frequency peak was found to 
be linearly correlated to the injection pressure (figure 7). The 
frequency peaks were obtained from power spectral density 
plots, such as the one shown in figure 8, with a resolution of 
100 Hz for the LDV and pressure data. With this resolution 
the trend of vibration frequency with rail pressure is mild but 
significant. It can be observed that the mild sensitivity of the 
fuel pressure frequency to injection pressure is also consistent 
with the correlations observed for the LDV. This frequency 
was also found to be proportional to the injection pressure, 
and measured between 5.5 and 7.2 kHz for pressures between 
60 and 160 MPa. Interestingly, the second and third harmonics 
of the 7 kHz fundamental frequency are present on some of the 
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LDV and pressure spectrograms in figure 6. These harmonics 
are particularly visible at 160 MPa with bands visible at 7.7, 
15 and 23 kHz throughout the injection time. The presence 
of harmonics indicates that part of the hydraulic system is in 
resonance. As the harmonics are more intense on the LDV 
than on the pressure-based spectrograms, the injector must be 
part of the resonating system. The 3D LDV data showed that 
this intense 7 kHz oscillation frequency was recorded along 
all three axes, which is consistent with a resonance phenom-
enon. In order to establish if other components such as the 
high-pressure fuel lines or common rail are part of the reso-
nating system, we can use the following formula to calculate 
the length (L) of the system based on its natural frequency (f):
 =L
c
f2 (2)
By calculating the speed of sound (c) using the correla-
tions in [34] for diesel fuel at 160 MPa pressure, and using 
f = 7.7 kHz for the natural frequency, we can estimate the 
length of the resonating system as 110 mm. We can observe 
that this value corresponds almost exactly to the length of the 
cylindrical fuel line that links the injector inlet to the needle 
(figure  1). In order to substantiate the theory that this fuel 
line is in resonance, figure  7 shows the natural frequency 
of a 112 mm open-ended duct as a function of fuel pressure 
(and therefore speed of sound), compared to the evolution of 
the 7 kHz peak measured by the other instruments. We can 
observe that the frequencies measured by the pressure sensor 
are in agreement with the natural frequency of a 112 mm duct. 
The agreement with the LDV measurements is good for the 
higher fuel pressures but deviates by up to 10% at the lower 
pressures, indicating that other mechanisms than resonance 
are also affecting the injector’s response. This appears con-
sistent with the fact that the vibration at the natural frequency 
of the injector’s main fuel line is damped for the lower fuel 
pressures and undamped for 160 MPa. It is worth stressing 
that the length of the internal fuel line will vary between 
injector models, and therefore the natural frequency will 
change accordingly. Other second generation Bosch common 
rail injector can have an elongated geometry, with an internal 
fuel line longer than the one used in our experiments [42]. For 
example Payri and Manin [31, 43] used a similar injector but 
with an overall length of 130 mm for the internal fuel line, and 
reported oscillation frequencies between 6 and 7 kHz from 
rate of injection, spray momentum and accelerometer meas-
urements. They suggested this was due to the needle-rod-fluid 
system reaching resonance. Applying our reasoning to their 
experiment, the natural frequency of a 130 mm open-ended 
line filled with n-dodecane at 343 K and 150 MPa is 6.8 kHz, 
in agreement with the frequencies reported in [43] and present 
in figure 7 of [31] between 1.5 and 3 ms.
Whilst our measurements showed a correlation between 
internal flow oscillations and external nozzle tip vibration, 
the transmission of these cyclic fluctuations to the liquid jets 
remained to be ascertained. High-speed videos of the fuel 
sprays were recorded to investigate whether nozzle tip vibra-
tions could be transmitted to the near nozzle liquid jet. Frames 
extracted from a high-speed video of a diesel spray are shown 
in figure 9 to illustrate the cyclic oscillations in the appear-
ance of the near-nozzle jet periphery. Initial estimates of the 
frequency of these oscillations were obtained by calculating 
the time difference between two frames showing similar spray 
shapes [26]. The frequency was found to be 6.8 kHz for a 
single-hole VCO nozzle with a 200 µm orifice diameter and 
160 MPa fuel pressure. In the present study, the mean intensity 
of 3 × 3 pixels regions near the spray interface were measured 
for each video frame, between 5 and 20 mm from the orifice. 
These temporal intensity fluctuations were then used to calcu-
late the spectral density for each region, using a fast Fourier 
transform. It can be observed in figure 7 that the frequencies 
Figure 7. Correlations between injection pressure and 7 kHz 
oscillation peak frequency shift measured for the injector tip (LDV), 
fuel pressure (piezoresistive transducer), near nozzle liquid fuel 
spray (high-speed video) and injector needle (plunger lift sensor). 
The natural frequency of a 112 mm open-ended duct is included for 
comparison, with error bars indicating the effect of a ±20 K change 
in fuel temperature.
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measured for the liquid jet oscillations are reasonably close to 
those measured with the other instruments. Notably, the linear 
correlation between fuel pressure and oscillation frequency 
was also observed in the high-speed video spectra, thus sup-
porting the fact that nozzle vibrations are transmitted to the 
liquid jet. The jet oscillation frequencies are between 0.5 and 
1 kHz lower than the LDV measurements. This discrepancy 
could be partially explained by differences in fuel tempera-
ture (and therefore speed of sound) between the LDV and 
high-speed video experiments. The effect of a ±20 K differ-
ence in fuel temperature on the natural frequency of an open-
ended duct are ±230 Hz at 60 MPa and ±140 Hz at 160 MPa. 
Beyond the effect of temperature, a level of damping between 
the injector’s vibration and the oscillation of the liquid fuel 
spray is to be expected. Therefore the vibrations measured 
by vibrometry should be seen as an upper limit for the spray 
oscillations measured by video. Vortex shedding at the tip of 
fuel injector needles is known to occur at high frequencies 
[30, 44] and can lead to cyclic fluctuations in the shape of 
near nozzle fuel sprays [45]. Our results show that pressure 
waves generated by resonance of the injector fuel line may 
also lead to cyclic fluctuations in the near nozzle fuel sprays, 
in agreement with [31]. CFD predictions have indicated that 
such transversal spray oscillations lead to temporal and spatial 
clustering of the droplets in the fuel plume [27]. These inho-
mogeneous liquid fuel distributions should inhibit soot oxida-
tion due to the associated local depletion of oxygen and lead 
to clustered distributions of soot, in agreement with experi-
mental observations [46].
Vibrations are also expected to occur during the injec-
tion process due to cavitation taking place inside nozzle 
orifices, as well as unsteady turbulent flow phenomena such 
as vortex shedding at the needle tip and nozzle sac [30, 44]. 
The growth and collapse of cavitation should lead to fluctua-
tions in fuel pressure and mass flow rate inside the injector 
and nozzle orifices. The spectra for internal nozzle flow could 
not be measured independently from the rest of the system, 
but it is proposed that they can be inferred by subtracting the 
pressure transducer spectrograms from the total nozzle vibra-
tion spectrograms shown in the right and central columns of 
figure 6, respectively. This is justified by the fact that acoustic 
attenuation is an exponential function of the path length, 
hence vibrations originating inside the nozzle are unlikely 
to be measured by the fuel pressure transducer. It is well 
established that higher injection pressures, or more generally 
higher Reynolds numbers, increase the tendency for cavita-
tion to be more pronounced [47]. The spectrograms in the 
central column of figure 6 show signs of increased vibrations 
as the pressure is raised from 60 to 160 MPa. Indeed, vibra-
tions occurring between 35 and 45 kHz extend further into the 
steady state regime of the injection as pressure increases. This 
is particularly noticeable at 160 MPa, where a 45 kHz oscilla-
tion is visible throughout the injection period. Whilst there is 
a lack of experimental data for the frequency of cyclic growth 
and collapse of cavitation bubbles in realistic high pressure 
diesel injectors, numerical simulations by Schmidt [32] pre-
dict such frequencies to be in the order of 26 to 33 kHz for 
a VCO nozzle and 100 MPa fuel pressure. Other numerical 
simulations suggest that cyclic cavitation processes may occur 
at even higher frequencies, beyond the measurement range of 
our experiments. Notably, simulations by Payri [48] indicate 
that the growth and collapse of vapour cavities may occur 
cyclically with a period of 11 µs, equivalent to a frequency of 
90.9 kHz, with an injection pressure of 80 MPa and back pres-
sure of 3 MPa. Even in the case of stable cavitation, when the 
length of the cavity is almost constant with time, vibrations 
may be generated as the wake region always fluctuates [49]. 
Simulations by Yuan [50] indeed suggest that high frequency 
oscillations may be found when the wake region of the cavita-
tion oscillates, with the vapour fraction in the nozzle changing 
at a frequency in excess of 120 kHz.
3.3. Effect of nozzle geometry
The effect of nozzle geometry on the vibrational properties of 
the injector was characterised for a range of orifice diameter 
and nozzle design. Figure 10 shows the spectrograms recorded 
for VCO, minisac and microsac nozzles, with orifices diam-
eters of 100 and 200 µm. The spectrograms do not show major 
differences during the nozzle opening phase, between 0 and 
0.5 ms. All nozzle geometries generated similarly high levels 
of vibration, with a spectrum of frequencies that extended 
beyond 50 kHz. The similarity between the spectral responses 
for these nozzles during these early timings supports the 
previous discussions that vibrations taking place during 
the opening phase are mainly generated by fluid hammer 
and the operation of the solenoid valve, both effects being 
expected to be insensitive to nozzle geometry.
Since all orifices were cylindrical we expect that all noz-
zles generated cavitating flows. However, the change in nozzle 
geometry and orifice diameter should affect the mass flow and 
Reynolds number, and therefore the degree of cavitation [47] 
both at the needle tip and inside the orifices. Thus, consid-
ering both the L/D ratios and orifice diameters for the nozzles 
we tested (table 1), we can reasonably expect that the orifices 
with the largest L/D ratio should cavitate less. Intermittent 
vibrations with frequencies between 35 and 45 kHz were vis-
ible in figure 6 for a VCO nozzle with an injection pressure of 
160 MPa. Similar sporadic vibrations can also be observed in 
figure 10 for the minisac and microsac nozzles throughout the 
injection period, although only for the 200 µm orifices. The 
100 µm orifices show little evidence of vibrations within that 
Figure 9. Close-up images obtained by high-speed video for a 
VCO 200 µm single-hole nozzle, showing the oscillation of the 
liquid spray. Similar spray patterns were observed every 148 µs 
and are indicated by the white arrows. Frame field of views are 
26 × 37 mm, injection pressure was 160 MPa, in-cylinder pressure 
was 5.2 MPa.
Nozzle tip
t0 t0+37µs t0+74µs t0+111µs t0+148µs
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frequency range, supporting the hypothesis that the 35–45 kHz 
vibrations seen on the LDV spectrograms for larger orifices 
are an indication of cavitation inside the nozzles. Compared 
to the VCO nozzles, the minisac and microsac nozzles lead to 
more intense, high frequency, vibrations from 8 ms after start 
of injection trigger. This may be caused by a pressure drop 
inside the nozzle sac and orifices during the needle closure, 
leading to more pronounced cavitation. Lee and Reitz [38] 
conducted simulations of transient cavitation processes for 
sac-type diesel injectors, which predicted increased levels of 
cavitation during the closing phases. They suggested that cav-
itation increases due to rarefaction, caused by transient differ-
ences between the mass flow rate of fuel entering the nozzle 
sac and the mass flow rate of fuel exiting the nozzle orifice. 
This was explained by the needle rapidly restricting the inlet 
flow while inertia at the orifice outlet results in a higher exit 
mass flow rate [38], thus leading to a pressure drop inside the 
nozzle orifices and increased levels of cavitation.
4. Conclusions
We investigated the internal flow of diesel fuel injectors by 
simultaneously measuring the nozzle tip vibration, upstream 
fuel pressure and needle lift. The technique we propose, based 
on the triangulation of a laser Doppler vibrometer and fuel 
pressure transducer signals, enables the quantitative charac-
terisation of internal flows for unmodified injectors with real 
fuels at elevated injection pressures. The simultaneous spec-
tral analysis of 3D LDV and fuel pressure sensor data can pro-
vide quantitative time-resolved information for quasi-cyclic 
mechanical and hydraulic phenomena inside fuel injectors. 
The technique enables indirect and non-intrusive investiga-
tions of internal cyclic processes, such as cavitation, vortex 
shedding and turbulent nozzle flow, inside real-size injectors. 
It can also be used with real fuels at elevated injection pres-
sures, and does not require physical modifications of the 
nozzles. Hence, there is a wide scope for future works both 
on the development of the technique and its application to 
multi-hole fuel injectors at elevated in-cylinder pressures and 
temperatures. Our results suggest that the approach we pro-
pose could be reduced to a 1D LDV head if optical access 
is limited, or to reduce the experimental setup’s complexity. 
The measurement range of the laser Doppler vibrometer could 
be extended beyond 51 kHz to investigate the occurrence of 
faster processes.
We applied our approach to compute time-resolved spec-
trograms of a diesel injectors’ vibrations during injection 
events, for a range of nozzle geometries and injection pres-
sures. An oscillation between 6 and 7.5 kHz was measured 
using the laser vibrometer and was found to be in agree-
ment with results obtained from the fuel pressure transducer, 
injector needle lift sensor, and high-speed videos of the near-
nozzle diesel jet. This frequency was recorded for all nozzles 
tested and was found to be proportional to the injection pres-
sure by the four independent instruments. This frequency is 
proposed to be the natural frequency for the injector’s main 
internal fuel line. Once resonance is initiated the needle and 
plunger start oscillating, further affecting the flow of fuel in 
the nozzle. A Fourier analysis of high speed videos recorded 
near the nozzle exit showed that these oscillations were trans-
mitted to the liquid jet, potentially contributing to the forma-
tion of fuel droplet clusters.
By comparing the LDV and pressure spectrograms we 
conclude that vibrations with frequencies higher than 25 kHz 
are related to quasi-cyclic turbulence phenomena taking place 
inside the nozzle, which may include cavitation. Vibrations 
that occur during nozzle opening with frequencies lower than 
25 kHz are related to the opening of the control volume by 
the solenoid valve (15 kHz) and fluid hammer induced by 
Figure 10. Spectrograms for single-hole VCO, minisac and microsac nozzles, with diameters of 100 µm (top row) and 200 µm (bottom row) 
recorded for injections with 160 MPa pressure. Intensity scales are in dB ref m s−1 Hz−0.5.
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the rapid opening of the orifices (3 to 5 kHz depending on 
fuel pressure).
Oscillations between 35 and 45 kHz were observed during 
the needle opening phase for all nozzles and injection pres-
sures. For the 200 µm nozzle orifices, these oscillations were 
found to progressively extend into the steady state injection 
period as the injection pressure was increased. This frequency 
band may indicate the presence of quasi cyclic cavitation 
inside the orifices.
Compared to the VCO nozzles, minisac and microsac 
nozzle types exhibited more intense vibrations during the 
needle closing phase, suggesting higher levels of cavitation. 
Vibrometric measurements could be coupled with high-speed 
videos of the internal nozzle flow to provide a direct link 
between nozzle vibration spectra and cyclic cavitation phe-
nomena that occur inside the orifice and at the needle tip.
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